Recent advances in autoradiographic technique make it possible to localize quite a diverse class of soluble and/or diffusible substances. However since the molecules in question could move or be displaced at any time during preparation it is necessary to employ chemical or physiological tests to prove the validity of the localization. For two classes of compounds this can be done quite readily. 3H-ouabain, a cardiac glycoside that binds specifically to the Na pump, can be monitored for its effect on Na transport and the binding itself can be controlled by manipulating specific ligands known to modulate the ouabain-Na pump interaction. Acetylcholine can be readily analyzed by chemical means and its solubility characteristics allow one to extract it even from osmium-fixed embedded sections. Thus it is possible to monitor for the presence of acetylcholine in tissue throughout the processing for autoradiography and even chemically characterize small areas of tissue by microdissection of sectioned material.
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One of the major problems in interpreting results from autoradiographic studies is to determine if the localization obtained reflects a physiologically significant locus. For example, in using labeled inhibitors one must ascertain whether the site is specific for the receptor in question and whether the localization can be modified by the same procedures that influence the inhibitor-receptor interactions. When the difficulty of the localization is compounded by the fact that the substance under study is diffusible or some of its metabolites are also diffusible, the need for methods of corroboration are obvious.
The cardiac glycoside ouabain is a specific inhibitor of the enzyme sodium plus potassium ATPase (27) , the enzymatic equivalent of the sodium pump, and a tritiated form of this molecule, of adequate specific activity, is readily available. Thus, localization by autoradiographic techniques of where this molecules binds would determine the distribution of the sodium pump within an epithelium, as well as along the plasma membrane of individual cells. However, ouabain, as all cardiac 'Presented in part at the AUTORADIOGRAPHY WORKSHOP on April 11, 1980 , as part of the program at the annual meeting of the Histochemical Society, held in New Orleans, Louisiana, April 11-15, 1980. rThis work was supported by National Institutes of Health grant NIH-HL06664.
active glycosides, has a steroid nucleus (6) . This prevents the use of standard techniques of dehydration, since the molecule is soluble in the solvents used to prepare tissue for embedding. In addition, the interaction of ouabain with its receptor is noncovalent and is dramatically influenced by chemical fixation (28) (29) (30) . Thus, the autoradiographic localization of the tritiated form of this molecule must be accomplished by special techniques. Stirling (29) was the first to successfully localize tritiated ouabain binding sites. Using the freeze-dry autoradiographic technique developed for the localization of tritiated sugars (31) , Stirling demonstrated that tritiated ouabain bound to the basolateral membranes of the mucosal epithelial cells of the rabbit small intestine. Although this localization was in agreement with other studies that supported the concept of an energy-dependent Na pump in the basolateral membrane of most epithelial tissues (13) , there are three possibilities for the localization that do not require the presence of an active Na pump in this membrane. First, ouabain could be tracing the extracellular spaces. Secondly, ouabain could be binding (sticking) to nonspecific (non-Na pump) sites. Thirdly, it could be binding to a group of sites that was not functioning Na pump sites.
The first possibility could be eliminated by incubating the tissue in a medium that contained tritiated ouabain at the same concentration, but diluting the specific activity by addition of an excess of unlabeled ouabain. When this was done in the rabbit intestine the grain density was markedly reduced over the basolateral membranes and radiochemical analysis showed that the tritiated ouabain space matched the "C-inulin space (29). Thus, it can be concluded that the high density of grains over the membranes bordering the lateral intercellular space is not due to free tritiated ouabain filling the space and remaining there and that there are a finite number of binding sites along this membrane. Similar results have been obtained with other epithelial tissues (21, 26, 33) .
The second question of nonspecificity has been a continuing problem with studies of ouabain binding to intact ceIIs. Since ouabain has a steroid core it would be expected to be soluble in the plasma membrane itself. Ever since the report by Hoffman (10) that as many as 50% of the ouabain binding sites in the red blood cell were "nonspecific" it has become necessary to demonstrate what proportion of the total binding is specific for the Na pump. This requirement is not as stringent as first thought, since more recent data on the red blood cell indicates that this component of nonspecific binding does not exist (7, 11, 12) and that all the ouabain bound can be related to interaction with the pump. However, it is still necessary to determine the specificity of binding in any system, and especially if the experimental manipulation may affect the number of Na pumps.
One of the ways of testing for specificity is the classic method of dilution of specific activity of a labeled species by addition of excess unlabeled molecules. Thus, the experiment to determine if ouabain only traced the intercellular space (described above) satisfied two questions at once. This may be adequate for testing nonsaturable types of binding (2, 22, 33) . However, there is no reason to rule out the possibility of the nonspecific receptor having a finite number of sites. Thus, the dilution test would only eliminate the possibility of the nonspecific "sink." Another way of testing specificity is to analyze the binding after manipulation of ligands that are known to affect the ouabain-enzyme interaction (18, 27) . This was first done by Quinton et al. (24) as a test for the autoradiographic localization obtained in the choroid plexus. In this study the binding was analyzed in normal Ringer's, Ringer's with 85 mm K, (replacing Na), and Ringer's with 85 mm K and no Mgt . Increasing the K+ concentration has been shown to reduce the rate of ouabain binding to intact cells (1, 2) and Mgt+ is necessary for ouabain to bind to the enzyme in membrane preparations (32). This manipulation is an effective test for specificity and has been used in many autoradiographic experiments. However, one must use caution in interpreting results obtained this way. As pointed out before (5, 22) , since the effect of most of these manipulations is on the rate of binding, one could never achieve a clear distinction between total binding and that component that is nonspecific. The most the data can show is that the binding is sensitive to the relative ligand and therefore fulfills the criteria of interacting with the enzyme. Where this type of test is helpful is when it is used in tissue prepared for autoradiographic analysis. If the tissue is heterogeneous as to cell type or complex in organization, then there is the distinct possibility that Figure 1. Autoradiograph of 3 Houabain binding sites in the frog skin. Tissue was exposed to 1 µM 'Houabain for 120 min and then washed in ouabain-free Ringer's to remove unbound label. The tissue was processed for autoradiography as previously described (22) . The grains, representing 3H-ouabain bound to Na-pump sites, are associated with the plasma membrane of all the living cell layers. However the highest grain density is seen in the middle and lower aspects of the epithelium. a nonspecific component could be detected in one cell type or region in the epithelium. This was done in the studies of Na pump sites in the frog skin, since the localization obtained after incubation in normal Ringer's demonstrated a high density of binding sites in all the cellular layers with the middle layers having the majority of sites (Figure 1 ). Autoradiographs subjected to quantitative analysis of grain distribution revealed that the binding in each cell layer was sensitive to elevated K and thus specific for Na pump sites (22) .
Concentrations of other ligands can also be manipulated. As mentioned, Quinton et al. (24) eliminated Mgz+ from the Ringer's solution and showed a further reduction in binding than what was already achieved in the high K medium. We have exposed epithelial cells in culture to Mgt-free Ringer's solution, which contained the normal amounts of Na and K, and have shown that a 50% reduction in binding can be obtained by this test (23) .
Since it appears that the pump must be phosphorylated before ouabain will bind, reduction in adenosine triphosphate (ATP) levels should also influence the ouabain-Na pump interaction. In enzyme preparations this is clearly the case (9, 32) . However it is difficult to reduce cellular ATP levels in a way that does not damage the cell or disrupt membrane integrity. We attempted to reduce ATP levels in the frog urinary bladder and skin by first incubating the tissue in an anoxic environment (21, 22) . Then the tissue was exposed to 3 H-ouabain. This manuever dramatically reduced the level of binding. However, the actual mechanism of the reduction cannot be determined. Anoxic conditions reduce the absolute level of transepithelial transport. Thus the ouabain binding could be reduced because of a reduction in the level of phosphorylated enzyme as well as the fact that the pumps are operating at a reduced rate (22) . Whatever the direct mechanism the result of this type of control indicates the high degree of specificity of ouabain for a phosphorylated and functioning Na pump.
The third possibility for "nonspecific" binding, that is, binding to a pump that is not functioning, at the time of binding, as a Na pump, is an important question to resolve. If ouabain bound to silent pumps or pumps operating in other than a Na transport mode (8) , then the functional significance of many of the localization studies could be questioned. It is clear that ouabain can bind to an enzyme preparation in the absence of Na (32) and thus be bound to a site not operating as a Na pump. In addition, Bodemann and Hoffman (3) presented data that they felt supported the concept that ouabain binding was inversely proportional to pump rate. Thus it could be possible that nonfunctioning pumps have a high affinity for ouabain.
In order to answer this question, we analyzed the effect that ouabain had on sodium transport across the frog urinary bladder and skin (21, 22) . It is clear from those studies that ouabain blocked sodium transport and thus was interacting with a functioning Na pump. No attempt was made to correlate the degree of inhibition with amount bound, since it was not possible to stabilize the short circuit current after MR Figure 2 . Autoradiography of 3 H-ouabain binding sites in the frog urinary bladder. Tissue was exposed to 1 µM 3 H-ouabain until transepithelial Na transport was completely inhibited. There is a heavy localization to the basolateral membranes of the granular cells, whereas the basal cells (BC) and smooth muscle cells (S) in the submucosal tissue have few binding sites. Notice the grain distribution around the mitochondria-rich cell (MR). Although the resolution of the technique does not allow determination of differences in binding between different cell types that are adjacent the repeated observation that the intercellular space surrounding MR cells had fewer grains than between adjacent granular cells indicates that the MR cell has fewer Na pump sites.
wash-out of label. This problem was also encountered by Cala et al. (4) in the split skin preparation. They were able to overcome the problem, however, by using a high K wash-out, which stabilized the preparation. Binding was plotted against inhibition. The result indicated a very tight correlation between binding and pump inhibition. Thus the binding sites revealed in the frog skin (Figure 1 ) and the frog urinary bladder (Figure 2 ) do indeed reflect sodium plus potassium ATPase sites functioning as Na pumps.
Other physiological tests for specificity can be conducted. For example, epithelial tissue exposed to voltage-clamp conditions (transepithelial potential difference = 0) transport Na at a higher rate than those allowed to remain at open-circuit potential. This is presumably due to the increased influx of Na brought about by the enhanced electronegativity of the cell interior during voltage-clamping (14) . The grain distribution obtained in the frog skin was on tissue maintained in the short-circuit condition (22) . Thus the pumps localized in the deeper cellular layers may only have been operating to accommodate the increased load brought about by the conditions of the in vitro experiment. When the Na entry rate is less, as would be the case when the tissue is kept at the spontaneous potential difference, these pumps may not be active and therefore the grain distribution quite different. To test this possibility we analyzed the grain distribution in paired skins exposed to 3 H-ouabain while at open-circuit potential or short-circuited ( Figure 3 ). As can be seen the distribution is identical in both cases even though the binding in the opencircuited skin was 30% less than that obtained in the shortcircuited epithelium. This indicates that even when Natransport across the frog skin is at "physiological" levels all the cell layers are involved in the Na extrusion step.
The ability to obtain complete inhibition of Na-transport with ouabain is a valuable tool for ascertaining the physiological relevance of a specific localization. In the frog gallbladder we (19) reported a quantitative distribution along the basolateral intercellular space and the binding correlated with a reduction in solute-driven fluid transport. The distribution of sites indicated a concentration of pumps at the basal pole of the cell. However, at the concentrations and time of exposure used fluid transport was not completely inhibited. Thus the higher grain density at the base of the cell could have been due to the inability of ouabain to gain access to pumps higher up the lateral intercellular space. That this was not the case was demonstrated by showing the same grain distribution pattern when the exposure to ouabain produced complete inhibition of fluid transport (20) . Thus when all the pumps were blocked the autoradiographs revealed a higher density of pumps at the basolateral end of the intercellular space.
The other compound we have been interested in localizing is acetylcholine. There was sufficient evidence to implicate acetylcholine as a neurotransmitter in the retina (15, 16, 25) , but the identity of the cells synthesizing acetylcholine was not known. The problems inherent in localizing a substance like ouabain were compounded by the fact that acetylcholine did not bind to a membrane site, as ouabain does, and the native compound cannot be added to the medium to mark the cells Figure 3 . Autoradiograph of 3 Houabain binding sites in frog skin. Ventral abdominal skin from frog maintained at short-circuit potential (transepithelial potential difference = 0) (A) or open-circuit potential (B). Tissue exposed to 1 .sm 3 H-ouabain for 120 min, washed in ouabain-free Ringer's for 30 min, and processed for autoradiography.
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synthesizing it: a labeled precursor must be introduced and its metabolic products followed chemically. The ability to identify the cells synthesizing acetylcholine depended on the ability to chemically detect the various metabolites of the choline pathway after prescribed periods of incubation and compare this to an autoradiograph from the same tissue. We were able to accomplish this by electrophoretic separation of the choline metabolites obtained from homogenized retinas (17) . The chemical analysis could then be compared to the autoradiograph obtained on the pieces from the same retina.
The procedure for preparing autoradiographs was modified from our original procedure. This was necessary, since the solubility of the compounds was such that even brief exposure to water, even after embedding, would result in loss of label. Even breathing on a cut section would hydrate the tissue enough to allow movement of the label and cause "smearing" of the resulting autoradiograph. To overcome this problem all processing was done in as dry an atmosphere as possible. Sections were cut with a dry knife, picked up dry, and stored in the presence of a desiccant. Then the sections were applied to dry emulsion (NTB-2) and stored dry (see ref. 17 for complete details). The resultant autoradiograph is a grain distribution revealing the site of all products of 3 H-choline metabolism. For convenience we grouped them as cholinephospholipid, phosphorylcholine, acetylcholine, and free choline. After the initial exposure of the retina to 3 H-choline we could adjust the incubation conditions to give us a 3 Hacetylcholine protecting chase or an acetylcholine releasing chase. The acetycholine protecting medium contained 30 mM Mgt and 0.2 mM Ca2+ (to prevent acetylcholine release), and 30 ttM physostigmine (to prevent the hydrolysis of acetylcholine by intracellular esterases). The acetylcholine releasing medium did not contain anticholinesterase and the retinas were stimulated with light to promote turnover of actylcholine (17) . In addition 1 mM unlabeled choline was added to both conditions to prevent synthesis of 3H-choline-containing compounds and promote clearing of 3H-choline from the cells. In this way the acetylcholine "signal" could be optimized or reduced, the change in grain distribution and density recorded and thus the cells and sites containing acetylcholine localized. A micrograph depicting the result of an acetylcholineprotecting incubation is shown in Figure 4a . Under this condition approximately 20% of the incorporated 3 H-choline is in the form of acetylcholine. When the tissue is exposed to acetylcholine releasing conditions negligible amounts of 3 H are retained as acetylcholine (17) and the resulting autoradiograph is shown in Figure 4b . The difference between the two figures is that the tracks of grains in the inner plexiform layer and the densely labeled cells on each side of this layer are absent in the retina that does not contain acetylcholine. It seemed reasonable to conclude that these cells were involved in acetylcholine synthesis and the tracks in the inner plexiform layer were the processes from these cells. To confirm that the outer retina did not have any acetylcholine while the inner retina did we took advantage of the solubility properties of acetylcholine and the permeability properties of the embedding resin to extract the label from individual sections of pproximate amount of water-soluble compounds eluted from retinas compared to that obtained in freshly homogenized retinas, expressed as percent of total. PCH = phosphorylcholine; Ach = acetylcholine; Ch = free choline. embedded retinas. The results in Table 1 show that the contents of the embedded and sectioned retinas were identical to the radiochemical content of the freshly homogenized retinas. Once we confirmed this we then examined the contents of the inner and outer retina individually. This was achieved by dividing 10 µM thick sections of plasticembedded retina at the level of the outer plexiform layer. A razor blade chip was attached to the objective of a microscope. The section could be viewed and positioned so that when the objective was lowered the blade would cut the section at the desired retinal level. Areas where the section curved so that the cut passed out of the outer plexiform layer could be trimmed off. Then the outer and inner retina pieces were collected and extracted in formate-acetate buffer and the radiochemical contents analyzed (17) . As shown in Table 1 the outer retina contained negligible amounts of acetylcholine.
This confirmed the initial observations that the acetylcholine synthesizing cells were localized exclusively to the inner retina, as shown in Figure 4a , and that the cells in the outer retina of the rabbit, specifically the photoreceptors, do not use acetylcholine as a neurotransmitter. These results demonstrate that by careful biochemical analysis of the tissue before, during, and after processing for autoradiography, one can verify the localization of soluble substances to very welldefined subsections of the tissue under investigation.
Literature Cited

